In this work an all optical hot-wire flowmeter based on a silver coated fibre incorporating a long period grating and a Bragg grating is demonstrated. Optical energy at 1480 nm propagating down the fibre is coupled by the long period grating into the fibre cladding and absorbed by the metallic coating deposited on the fibre surface over the Bragg grating position. This absorption acts like a hot-wire raising locally the fibre temperature, which is effectively detected by the FBG resonance shift. The temperature raise depends on the flow speed of the surrounding air that has the effect to cool the fibre. In this way, the FBG Bragg wavelength shift can be related with the flow speed. Results obtained demonstrate the working principle and a flow speed resolution of 0.08 m/s is demonstrated.
INTRODUCTION
Measurement of flow is important for many applications in chemical engineering, in the energy and aerospace industries, and in medical equipment technology. Several approaches have been employed for mass flow measurement, including time of flight measurement, differential pressure measurement and heat transfer [1] [2] [3] [4] . The installation of a large number of flow sensors is currently very difficult and expensive. One type of conventional single point flow sensors is the so called hot wire anemometer. A high resistance electrical wire is heated by a constant current. Air flow cools the wire down depending on the flow velocity. The resulting temperature decrease is a measure for the existing flow. Flow measurement using optical fibre devices has also been reported based on fibre bending Raman backscattering [5] or using resonant shift fibre Bragg gratings (FBGs). The FBG spectral shift transducing mechanisms include mechanical stretching, bending, electrical heating and piezo-electric effect [6] [7] . All of these tuning mechanisms require laborintense packaging and external energy that is supplied through an electrical cable. The additional packaging and electrical cabling, however, eliminates many advantages inherent to fibre grating components such as low cost multiplexing, long lifetime, compactness, immunity to electromagnetic fields and capability of working in hostile environments. More recently some authors have proposed all-optical configurations. In these configurations the resonance of the FBG is tuned by radiation propagating in the fibre, typically from a high power laser [8] . For this purpose a thin silver film is coated around the FBG having a linear expansion coefficient greater than that of silica. The optical power induced spectral shift of the FBG resonance is dependent on absorption of radiation in the film leading to a temperature increase of the fiber. This mechanism requires light to be coupled into the cladding of the single mode fibre to be effectively absorbed by the film. Typically, to couple the laser light into the cladding of the single mode fibre it is used a section of multimode fibre spliced in the grating vicinity. This process can originate substantial losses in the system due to the mismatching characteristics of the two fibres. In his work a new lossless process to increase the temperature of the film by coupling radiation to cladding modes is proposed. A LPG is exploited to couple radiation from the core mode to the cladding modes, providing lossless coupling into the cladding without compromising the fibre physical integrity. This configuration has the advantage to enable an optical flowmeter entirely in single-mode fibre, reducing the losses in the system thus enabling its effective multiplexing.
EXPERIMENTAL SETUP
The experimental set-up represented in Figure 1 was used to perform the study of the optical flowmeter. Light from a broadband source, after crossing a 50-50 routing coupler and a 1480/1550 WDM, was injected into the sensing head formed by an LPG followed by an FBG with an uniform silver thin-film overcoat. In the other arm of the WDM, light from a 1480-nm diode laser was coupled to the sensing head. The FBG was fabricated in single-mode fibre with a reflection wavelength of 1514 nm. A silver thin film was coated over the FBG in order to absorb the radiation passing through the cladding. The heat created by the absorption of radiation increases the temperature in the region of the FBG causing a shift of its resonance. To couple the pumping diode laser radiation into to the cladding, a LPG was inscribed in the fibre prior to the FBG. The LPG was fabricated in-house using the electric-arc technique [9] . The period of the refractive index modulation was set to 385 μm in order to produce a resonance wavelength at approximately 1480 nm, corresponding to the LP 15 cladding mode that matched the diode laser central wavelength (Figure 2) . The reflection spectrum of the FBG was monitored with an optical spectrum analyzer (OSA). To test the sensor head performance as a flow sensor, a test chamber with two entrances was built. A reference flowmeter was inserted in the input to estimate the real flow in the test chamber. The sensor head was inside the chamber submitted to a constant strain to avoid cross sensitivity. Best results were observed when the LPG was placed near the FBG.
RESULTS AND DISCUSSION
To evaluate the proposed flowmeter concept several tests were performed. The first was to verify whether it was possible to spectral shift the FBG resonance with radiation using the LPG as coupling element. Figure 3 shows the evolution of the FBG spectrum when it was heated by the 1480-nm laser radiation using a LPG to couple radiation to the cladding.
Because the thermal mass of the grating is low, the absorption of laser radiation by the silver raised the temperature effectively and shifted the resonance wavelength. Figure 3 also shows that when the laser is turned off the resonance of the FBG returns to its initial position. The change in resonance wavelength as a function of the laser current is shown in Figure 4 (b). The red shift of the FBG resonance with the laser current is approximately linear and demonstrates that the increase of power in the cladding originates also an increase of the power absorbed by the silver thin film, with the consequent increase of the fibre temperature in the FBG region.The heated FBG is very sensitive to surrounding air flow disturbances. Figure 5 shows the wavelength of the FBG resonance as a function of the air velocity in the chamber, for two distinct values of the power of the laser diode. It appears that the wavelength of the FBG resonance tends to follow closely a function of simple exponential decay with the velocity of air flow inside the test chamber. The introduction of the air flow increases the rate of removal of heat from the FBG device and reduces the temperature of the FBG sensor. This change in wavelength resonance is more pronounced for lower flow speed. The sensitivity of the flow sensor depends on the laser current. The resonance wavelength shifts at a flow speed of 2.0 m/s are 0.18 nm and 0.374 nm for laser currents of 500 mA and 1000 mA, respectively.
In view of the system sensitivity to flow variations, the configuration shown in Figure 1 was also tested for flow speed measurement resolution. To do that, the velocity of the air flow into the chamber was changed gradually and the wavelength variation was registered accordingly. Figure 6 shows the real time readout of the system from which it was possible to estimate the resolution. The minimum flow velocity resolved by the system is 0.08 m/s (for a laser diode injection current of 1000 mA. 
CONCLUSIONS
In this work we demonstrated that it is possible to heat a silver coated FBG with the optical power of a laser diode by using an LPG as a cladding coupling element. It was shown that the proposed configuration enables the implementation of an all-optical hot-wire flowmeter that shares all advantages of optical fibre sensors, indicating the feasibility to perform remote measurement of flow. The lossless nature of the demonstrated configuration also offers an intrinsic high multiplexing capability.
